energies

Article

Structure and Thermophysical Properties of Molten
Calcium-Containing Multi-Component Chlorides by Using
Specific BMH Potential Parameters

Xiaolan Wei 1, Dandan Chen 1, Shule Liu 2*, Weilong Wang 2%, Jing Ding ? and Jianfeng Lu 2

School of Chemistry and Chemical Engineering, South China University of Technology, Guangzhou 510640, China
School of Materials Science and Engineering, Sun Yat-Sen University, Guangzhou 510006, China
Correspondence: liushle@mail.sysu.edu.cn (S.L.); wwlong@mail.sysu.edu.cn (W.W.)

2

*

Abstract: Chloride molten salts have become a potential heat storage material for the design of a new
generation of concentrating solar power (CSP) (>700 °C) due to its abundant reserves and low cost.
The difficulty of measuring the high-temperature thermal properties of chlorides can be effectively
solved by using molecular dynamics simulation. However, it is challenging to get the thermophysical
properties of multi-component molten salts containing CaCl, due to the lack of Born-Mayer-Huggins
(BMH) potential parameters of CaCl,. Through comparative analysis of the structure and thermal
properties of CaCly, including density and thermal conductivity, a set of Born-Mayer-Huggins (BMH)
potential parameters of CaCl, named SP2 is determined in this study. The density, specific heat
capacity, and thermal conductivity of nine eutectic molten salts are simulated, including NaCl-CaCl,,
KClI-CaCl,, NaCl-CaCl,-MgCl,, and NaCl-CaCl,-KCl, and the simulation results are found to be in
good agreement with the experimental results. It is also found that the SP2 parameters are able to

check for

updates predict the thermal properties and structure of molten multicomponent chlorides including calcium.
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1. Introduction

Due to the high heat storage density and good fluidity at high temperatures, molten
salts can be used as fuel coolant in nuclear reactors and heat storage material in concen-
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for CSP [1,2], but their maximum operating temperature is only 565 °C [3]. To improve
the energy conversion efficiency, it is necessary to develop a new kind of heat transfer
fluid and heat storage media for the next generation of CSP (>700 °C). Chloride molten

salt is a potential heat storage material for a new generation of CSP with the feature of
abundant reserves, low cost, and high upper operating temperatures. Especially, calcium
chloride (CaCly) molten salt has a high melting point and good stability, which can be used
to design and develop chloride eutectic molten salts as heat storage materials. Wei et al. [4]
studied the specific heat capacity cp, density p, viscosity 7, and thermal stability of six chlo-
ride molten salt materials, including NaCl-CaCl,, NaCl-KCI-CaCl,, NaCl-CaCl,-MgCl,,
KCl-CaCly-MgCl,, NaCl-KCI-MgCl,, and NaCl-KCl-CaCl,-MgCl,. The comparison shows
that NaCl-KCl1-CaCl; has a good energy storage density and can operate stably at 520-900 °C.
Tian et al. [5] compared the thermophysical properties and economic benefits of binary
chloride eutectic molten salt (NaCl-CaCl, 52-48 mol %) with commercial nitrate, and the
results showed that this chloride eutectic molten salt was a promising high-temperature
heat storage material. It is difficult to measure molten calcium-containing multi-component
chlorides by using existing test methods due to their high-temperature condition and cor-
rosions. So far, quite a few experimental values of thermal properties at high temperatures
40/). have been obtained, but they remain limited to a small temperature range above the melting
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point. To develop the application of a calcium-containing multi-component chloride molten
salt in the field of heat transfer and energy storage, complete thermophysical property data
for the whole working temperature range are required.

Both classical molecular dynamics simulation and first-principles molecular dynamics
(FPMD) simulation are effective ways to predict the macroscopic thermal properties of
materials. Compared to FPMD, the classical molecular dynamic simulation can calculate
a larger system, which requires less calculation. Especially regarding the molten salts
in the existent of ions, the heat transfer and storage properties at high temperature can
be predicted to analyze its microstructure mechanism by classical molecular dynamics
simulation. Pan et al. [6] simulated the thermophysical properties and transport properties
of monovalent alkali metal chloride molten salt by classical molecular dynamics simulation.
The Born-Mayer-Huggins potential was used to describe the interaction between chloride
ions and the thermal conductivity and viscosity of molten chlorides were calculated by
reverse non-equilibrium molecular dynamics (RNEMD) method. The simulation results
show that RNEMD can accurately simulate the transport properties of monovalent alkali
metal chloride molten salt. Xie et al. [7] calculated the thermal properties of the microstruc-
ture of binary eutectic salt LiCl-KCl by classical molecular dynamics simulation, and the
error between the simulation value and the experimental value is within 11.1%. It can be
seen that the classical molecular dynamics simulation method is available for predicting
the thermophysical properties of monovalent alkali metal chloride molten salt at high
temperatures. However, the classical molecular dynamics simulation potential parameters
of alkaline earth metal chloride molten salts are very scarce, especially those containing
CaCl,.The simulation of eutectic molten salt of molten calcium-containing multicomponent
chlorides is based on the first-principles calculation. Bu et al. [8] calculated the structure of
high-temperature CaCl, by FPMD but did not calculate other thermal properties limited by
small calculation amount and system size. Rong et al. [9,10] analyzed the microstructure of
NaCl-CaCl, and NaCl-CaCl,-MgCl, by FPMD and calculated the related thermophysical
properties. Igarashi et al. [11,12] analyzed the structure of CaCl,-KCl by classical molecular
dynamics compared with the results of XRD and Raman scattering. It was found that
CaCl; in this system mainly existed as an octahedral structure. However, the simplified
potential function is used in the literature, which only consists of the Coulombic and the
repulsive term, and the research only stays in the analysis of microstructure, without further
analysis and prediction of thermal properties at high temperature. In this paper, a more
detailed potential function is used to describe the interaction between CaCl, particles, and
the structure and properties of molten calcium-containing multi-component chlorides are
further studied.

In this work, by simulating the structure and thermal properties of molten CaCl,, a
set of potential parameters suitable for molecular dynamics simulations of molten CaCl,
and molten calcium-containing multi-component chlorides were established based on the
studies of divalent metal halides and CaCl, molten salts that have already been conducted.
The structure of NaCl-CaCl,, KCI-CaCly, NaCl-KCl-CaCly, and NaCl-CaCl,-MgCl, were
simulated by using the BMH potential parameters of CaCl, determined in this paper.
Subsequently, the thermophysical properties of molten calcium-containing multi-component
chlorides were also calculated, including density, specific heat capacity, and thermal conductivity.

2. Model and Methodology
2.1. Physical Model

The initial model of unit CaCl, extends a 5 x 5 x 24 supercell in X, Y, and Z di-
rections, which consists of 3600 particles. The simulation systems of multi-component
eutectic salts NaCl-CaCl,, KCI-CaCl,, NaCl-KCI-CaCl,, and NaCl-CaCl,-MgCl, are set
to 4000 molecules. The number of particles of each component is determined by a molar
fraction, and the initial density of the system determines the size of the square simulation
box. PACKMOL [13] was used to construct the initial model of multi-element eutectic molten salt.



Energies 2022, 15, 8878

3of 14

2.2. Force Field

The selection of force field and the determination of potential parameters are the
key for molecular dynamics simulations. The Fumi-Tosi potential is usually used in
chloride [2,14,15] molten salts. For the simulation of the structure and thermophysical
properties of chloride molten salts, the intermolecular potential function adopts the Born-
Mayer-Huggins (BMH) potential energy model:

2
uFumifTosi _ qiqfe + A--exp Uif — rif _ & _ & (1)
17 - 1
i Tij ! Pij o1y
A~—b(1+ﬂ+ﬂ) 2
v n; 11]'
vij = 0 + 0j 3)

In Equation (1), the four terms on the right-hand side represent the long-range
Coulomb electrostatic force (first term), the short-range repulsive force due to overlapping
electron clouds (second term) and the van der Waals attraction due to ion polarization (third
and fourth terms), respectively. A;; in the second term can be calculated using Equation (2),
where b represents the strength of the repulsive force (b = 1.90 x 10-2° J/molecule) [16];
n; is the outermost electron of the ion i; where e is the unit electronic charge, g; and g;
are the charge numbers of the ions (where qNa/K =1, qCa/Mg =2, qCl = —1). r;; is the
distance between i and j ions. ¢; and 0; are the radii of i and j ions, and p;; is the hardening
parameter between i and j ions. C;; and D;; are the dipole-dipole interaction coefficients
and dipole-quadrupole interaction coefficients.

Woodcoc [16] et al. have studied zinc chloride using molecular dynamics simulations,
and it was found that the dipolarization forces of zinc chloride can cancel each other out.
Calcium chloride is a divalent metal halide similar to zinc chloride. Therefore, in this study,
both C;; and D;; in the one-component calcium chloride potential parameter were set to zero.
In the multicomponent chloride system dipolarization cannot be neglected, but the calcium
ion has a large charge and small radius, so its dipolarization potential can be neglected,
and only the dipolarization force of the anion pair in calcium chloride is considered. Ccj.c
of CaCl, is 1845.45 kcal-A® /(mol) [17].

Based on the available literature, Table 1 listed three sets of BMH potential parameters
for CaCl,. To better predict the thermophysical properties of multi-component eutectic
molten salt containing CaCl, and analyze its microscopic mechanism by molecular dy-
namics simulation, this study simulated and verified the accuracy of three sets of potential
parameters of CaCl, in the Table 1. The BMH potential parameters of sodium chloride and
potassium chloride used in this paper are already mature and can be directly cited from
the [18], and the BMH potential parameters of MgCl, are taken from the work by Lu [19].
The interaction parameters of C1™-CI™ in polychlorinated molten salt are weighted average
based on the mole fractions of each cation, and interaction parameters between different cations
using mixing rules [20]: (A12)? = A11A%, (C12)? = C11C, (D12)* = D11Da, 2/ p12 = 1/p11 +1/po0.

Table 1. Born-Mayer-Huggins potential parameters of CaCl, [6,11,16,17,21].

Aj; (kcal/mol) cij (A) pij (A)
Parameters
Ca-Ca Ca-Cl CI-Cl Ca-Ca Ca-Cl Cl-C1 Ca-Ca Ca-Cl Cl-C1
SP1 [11] 0.1597 0.1749 0.1889 2.814 3.357 3.900 0.160 0.170 0.190
SP2 [17,21] 4.0995 3.0746 2.0489 2.880 [11] 3.118 3.356 [16] 0.324[17] 0.324 0.324
SP3 [6,16,17] 4.0995 3.0746 2.0489 2.180 [17] 2.675 3.170[6] 0.324[17] 0.324 0.324
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2.3. Simulation Detail

The software used for the simulations was LAMMPS coded [22], and periodic bound-
ary conditions (PBC) was chosen to create an infinite system. In order to eliminate the
effect of mirror particle action on the long-range force calculation, the cutoff radius is
set to 20 A, which is slightly less than half of the simulated box edge length. The PPPM
(particle-particle, particle-mesh) algorithm (with an accuracy of 1.0 x 107°) is used to
reduce the truncation error and perform the long-range correction. The initial velocity
is given according to the potential parameters and obeys a Gaussian distribution. The
Newtonian equation of motion is solved by the Verlet [23] computing method. For all
simulated systems, the simulated annealing equilibrium was performed using the NPT
ensemble with a Nosé-Hoover thermostat and a constant pressure of 0.1 MP. Firstly, it
was heated to the upper temperature of the simulated temperature range and then cooled
to a different simulated temperature. At the equilibrium volume, the system is analyzed
and calculated using the NVT ensemble with the simulation time step set to 1 fs. The
equilibration time for each simulation is 1 ns in order to obtain accurate calculation results.

2.4. Experimental
2.4.1. Materials

The analytically pure NaCl, CaCly, and anhydrous MgCl, (AR, >99% purity, Guangzhou
Chemical Co., Ltd., Guangzhou, China) after drying for 24 h were mechanically mixed. Then,
they were put into a muffle furnace and heated for 3 h at 600 °C, and then cooled to room
temperature. The prepared samples were vacuum sealed and preserved in anticipation of
the tests of thermal properties.

2.4.2. Specific Heat Capacity Measurements

The differential scanning calorimeter (DSC 404F1 NETZSCH, uncertainty: ~+3%)
was used to measure the specific heat capacity of the sample. The platinum crucible was
selected as the measurement crucible. Under a nitrogen (N;) atmosphere of 40 mL min !,
a blank crucible was measured as the baseline. Then, the DSC curve of a sapphire was
measured. Finally, the DSC curve of samples with similar sapphire quality was measured.

The specific heat capacity of the sample was calculated by comparing Equation (4).

D SCsample — DSCplank Msapphire
DS Csapphire — DSCpjank Msample

Cp,sample = Cp,sapphire 4)

2.4.3. Density Measurements

The density is measured by the Archimedes method (uncertainty: ~4-2%). The prin-
ciple is that the buoyancy of platinum hammers in molten salts is equal to the weight of
molten salt discharged. Therefore, the density of molten salt can be calculated according
to Equation (5) according to the mass change of molten salt immersed by the platinum
hammer. The measurement steps are as follows: Firstly, the weight of the platinum hammer
in air and water is measured. Then, the platinum hammer is immersed in molten salt to
record the weight of the platinum hammer at different temperatures. The density measure-
ment temperature ranges of NaCl-CaCl, binary eutectic molten salt and NaCl-CaCl,-MgCl,
ternary eutectic molten salt are 550-650 °C and 470-600 °C, respectively. The test was
conducted in the atmosphere of Ny.

Mgiy — Mgt
Mgir —Mwater [1 + 30((’1" _ 25)]

Pwater

p= ©)

where m is the weight of platinum hammer in different environments; « is the expansion
coefficient of platinum hammer 0.000009, and T is the temperature of molten salt.
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3. Properties Evaluation
3.1. Radial Distribution Function
The radial distribution function (RDF) is the spatial distribution of j particles in

the range of radius r centered on i particles. It is an important function to describe the
characteristics of fluid microstructure, which can be expressed as:

_ 1 le](T)
dmpir? | dr

gij () (6)

where g;(r) is a radial distribution function, Nj;(r) is the average number of j particles in the
spherical shell away from i particles r~8, and p; is the number density of j particles.

3.2. Coordination Number

The coordination number is the average number of j particles in the first shell of #yin,
which is reflected in the distance from the i center particles. It is one of the most important
parameters for the analysis of fluid microstructure and describes the tightness of particle
arrangement in the system.

"min

Nji(r)= 471Pj/() gij(r)r’dr @)

where iy, is the location of the valley of the first peak in the RDE.

3.3. Angular Distribution Function

The bond angle distribution function is calculated according to three particle coordi-
nates, which reflect the order of the microstructure of the material. For the three particles
jik, the bond angle centered on particle i can be expressed as:

2 2 2
e v —rs
o 1 i ik jk
9],k <COS <2rijrik >> (8)

3.4. Density and Specific Heat Capacity

The density can be calculated by the volume after relaxation. After the system is
balanced, the density will not change again.

_m _ NM
P=V =NV

©)

where p represents the density of the system, N is the number of simulated molecules, M
is the molar mass of molecules, V is the equilibrium volume of the system, and N, is the
Avogadro constant.

Specific heat capacity is commonly used to represent the heat absorbed or released during
the calculation of temperature change, which can be calculated by the following equation:

oH AH
= (E)T> ~ AT (10)

where AT represents the temperature change of the systems and AH represents the change
of enthalpy under the temperature change of AT.

3.5. Thermal Conductivity

In this paper, the reverse non-equilibrium molecular dynamics (RNEMD) simula-
tion method [24] is adopted to calculate the thermal conductivity of chloride molten salt.
RNEMD method simulates the kinetic energy exchange between the middle plate and
the bottom plate of the box and measures the resulting temperature gradient [25]. The
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kinetic energy exchange rate is 200 time steps, forming a linear temperature gradient. The
calculation of thermal conductivity is as follows:

. oT
Jz = —)\g (11)

2 2
. Ztransfer % (vhot B Z)Colcl)

A= 2tLyLy(9T/z)

(12)

where A is the thermal conductivity, <3—£> is the temperature gradient, Ly, Ly is the length
of the simulation box in X, y direction, and t is the kinetic energy exchange time interval.

4. Result and Discussion
4.1. Structure and Density Verification of Molten Salt CaCl,
4.1.1. Structure Calculation

Molecular dynamics simulation can analyze the relationship between the microstruc-
ture and macroscopic properties of molten salt. The simulation of high-temperature molten
salt needs to be on the premise of reasonable structure, so as to accurately predict the phys-
ical properties of high-temperature sections that are difficult to achieve under experimental
conditions. In this paper, the BMH potential parameters of three sets of CaCl, are sorted
out, and the radial distribution and coordination number distribution of molten CaCl, at
1100 K are calculated, as shown in Figure 1. The coordination numbers N, ¢ of the first
peak Rc,-cp obtained from Figure 1 are listed in Table 2, and the related experimental mea-
surement results of Biggin [26] and the calculated results using the first principle molecular
dynamics (FPMD) simulations by Bu [8] are also listed in Table 2.

g(r)
(=)

Ca-Cl

12 10
b c
= SP1 ( ) CI-C1 e SP1 ( ) e Ca-Ca(SP1)- - Ca-Ca(SP2)
——sp2 0l —sP2 ——Ca-CI(SP1) - - Ca-CI(SP2)
SP3 —SP3 _ 8r—aaeen - - crause
3
8 s . -Ca-Ca(SP3)
£ 6F— -ca-CisP3)
T s} g | -ccusey
4k E 4 4
n = /
g 5
2t /\ AL o2 |
0 : j \ A ~ . /, J. .
0 2 4 6 8 10 0 2 4 6
r(A) r(A)

Figure 1. The radial distribution function of (a) Ca-Cl, (b) CI-CL; and (c) coordination number
distribution in CaCl, calculated with different potential parameters.

Table 2. The first peak positions R of ions pairs of CaCl, and averaged coordination number N of
molten CaCl, [8,26].

Method T (K) Reaca®)  Rcact (A Rera (A) Nca-cl
SP1 1100 K 5.10 2.78 3.94 6
SP2 1100 K 4.98 2.70 3.94 6
SP3 1100 K 3.90 1.98 3.22 4
FPMD [8] 1100 K 4.52 2.71 3.64 6.3
Experiment [26] 1093 K 3.60 2.78 3.73 54

It can be seen from Table 2 that the first peak Rc,.c) and Reyc of Ca-Cl and Cl-Cl ion
pairs calculated by SP1 and SP2 have a good consistency. However, the first peak Rc,.ca
calculated by SP1 and SP2 was larger than the experimental value of Biggin [26]. The Rca-ca
in CaCl; calculated by Min Bu [8] using the FPMD simulations is also significantly larger,
which may be affected by the cation on the repulsion. The first peak Rc, 1 of Ca-Cl ion
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pair calculated by parameter SP3 was 1.98 A, indicating that the atomic orbitals of C1~ and
Ca?* overlap greatly, which contrary to the fact that CaCl, is a typical ionic compound. The
ionic radii of C1~ and Ca2* are 1.81 A and 0.99 A [27], respectively, and the sum of their
radii is 2.80 A, which is close to the experimental value of 2.78 measured by Biggin [26].
Therefore, the Rc,. ¢y value is more reasonable in the range of 2.70-2.78 showed in Table 2,
i.e., Ca-Cl has orbital overlap but the degree is not large. Therefore, the calculation results
of parameter SP3 are less reasonable.

As shown in Figure 1c, the coordination number distribution curves show that the
coordination number of calcium in molten CaCl, calculated by parameter SP3 is 4, indi-
cating that Ca and Cl atom keep the tetrahedral structure, which is also inconsistent with
the actual measured six-coordinate structure of CaCl, showed in Table 2. The coordination
number curves calculated by the parameters SP1 and SP2 are basically coincident, where
the coordination number N¢,.c of Ca-Cl is 6.0, which is close to the coordination number
Nca-c1 = 5.4 obtained by Biggin [26] at 1093 K. Although the simulation results are slightly
larger than the experimental results, it can be seen that CaCl, has six-coordinate octahedral
structure in the liquid state. The simulation results of the radial distribution function and
coordination number Ca-Cl show that the SP1 and SP2 potential parameter are more reasonable.

4.1.2. Thermophysical Properties Calculation

Density is the macroscopic reflection of molten salt microstructure. In this paper, three
sets of parameters are analyzed from the perspective of physical properties by calculating
the density change of CaCl, with temperature in the molten state. Figure 2a shows the
comparison of densities calculated by three sets of parameters with experimental values.
The results show that the error between the calculated values of SP1 and SP2 and the
experimental values [28] is less than 3%, and the error of SP3 is 5%. It can be seen from the
density simulation results that the parameters SP1 and SP2 are reasonable.

25 2.0
(a) L o sp1 (b) ®  Experiment by Janze 1978(coaxial cylinder)
24 o sp2 18} o sPI
r A sp3 o a
S ' o sp2
| ¥V Experiment by Janze 1978 - 16k
w22k '
g2 E
g 14}
221 S £
£ S=Ig=c-Cz8----0---_¢ Z °
g200 B---g--CI¥Zzzama._g s 12r
|t e R E
19 S 10f a A N
F =
1.8 E
L 5 08
1.7 =]
L 0.6 |-
1.6 L . 1 L L 1 . 1 : !
1100 1200 1300 1100 1200 1300
T (K) T (K)

Figure 2. (a) Density of CaCl, varies with temperature; (b) Thermal conductivity of CaCl, changes
with temperature [28].

Figure 2b illustrates the calculated thermal conductivity of CaCl, molten salt based
on SP1 and SP2 and compared with the experimental value [28]. It shows that the thermal
conductivity calculated by SP1 is within the error of the experimental value, while the error
of SP2 is much large. However, there are limited extant data on the thermal conductivity of
molten chloride salts and the error of experimental measurements by different researchers
is more than the test itself (uncertainty 10%). From the simulation results of thermal
properties, both SP1 and SP2 potential parameters are more reasonable. Considering that
the heat storage material used in the CSP system is eutectic molten salt, it is also necessary
to analyze the thermal properties of molten calcium-containing multicomponent chlorides.
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4.2. Verification of Binary Eutectic Salt NaCl-CaCl, Density

To further determine the applicability of CaCl, potential parameters, SP1 and SP2 were
used to calculate the density of binary eutectic molten salt of 49.03 mol % NaCl-50.97 mol %
CaCl,. Because the potential parameter of NaCl [6] can well predict the high-temperature
thermophysical properties and structural changes of chloride molten salt, the literature
data of NaCl is directly selected. The simulated and experimental results are compared in
Figure 3. Figure 3 shows that the simulated values of SP2 are basically consistent with the
experimental values [4,29], and the error is within 0.5%, while the error of SP1 is within 8%.
Probably because SP1 is the earliest simple potential energy model, the mixing rule is not
suitable. Therefore, for the density calculation of binary NaCl-CaCl, eutectic molten salt,
SP2 is more suitable as the BMH potential parameter of CaCl,.

2.0
| |
= &
19 |-
e &
)
= i -}
ad
= o
%" 1.8 | o
2 (o]
=] ' o le)
L7 | O SP2-NaCaCl simulation this work
O SP1-NaCaCl simulation this work
I A  Experiment by Wei 2020
1.6 2 [ ] M 1 " (] i [ i [l "
750 800 850 900 950 1000 1050
T (K)

Figure 3. The density of binary eutectic salt NaCl-CaCl, vs. temperature [4].

4.3. Thermal Properties of Multi-Chlorine Eutectic Molten Salts

To further validate the applicability of parameter SP2. The thermophysical properties
and microstructure of nine chloride eutectic molten salts in four systems, NaCl-CaCl,
(49.03-50.97, 67.5-32.5, 22.5-77.5 mol %, named NaCa-1, NaCa-2 and NaCa-3 respectively),
KCI-CaCl, (22.3-77.7, 31.9-68.1, 71.8-28.2 mol %, named KCa-1, KCa-2 and KCa-3 respec-
tively), NaCl-CaCl,-MgCl, (53.5-15-31.5, 45.1-26.3-28.6 mol %, named NaCaMg-1 and
NaCaMg-2 respectively), and NaCl-CaCl,-KCl (41.7-52.5-5.8 mol %, named NaCaK), were
calculated as follows.

4.3.1. The Density of Chloride Molten Salts

Figure 4 shows the calculated densities of binary and ternary chloride molten salts
with temperature. The density of NaCl-CaCl, (Figure 4a) and KCI-CaCl, (Figure 4b) binary
molten salts calculated by SP2 is very compatible with the experimental result in the
measurement temperature range [28], and the error is within 3%. The simulation results
also provide accurate data of the higher temperature section that are difficult to measure.
Figure 4c shows that the calculated density of calcium-containing ternary chloride molten
salt is close to the experimental value, the error is less than within 4%, and the trend
with temperature is also consistent. Therefore, the density of molten calcium-containing
multicomponent chlorides can be predicted using the parameter SP2 at high temperatures.
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Figure 4. Density of chloride eutectic molten salts of (a) binary NaCl-CaCly, (b) binary KCI-CaCl,,
(c) ternary NaCl-CaCl,-MgCl, vs. temperature, density of full composition of (d) NaCl-CaCl, and
(e) KCI-CaCl, [4,28].

4.3.2. Specific Heat Capacity of Multicomponent Chloride Molten Salts

Specific heat capacity is a key indicator to characterize the heat storage capacity of
molten salt materials. Figure 5 shows the calculation and measurement values of specific
heat capacity of eutectic molten salt of multiple chlorides, and the comparison with the
literature values. The specific heat capacity of molten NaCl-CaCl;-1 in test temperature
range is 1.006~1.105 ] /(g-K), and the average specific heat capacity is 1.051 J/(g-K) (the data
has been tabulated in the Supplementary Materials Tables S1 and S2). Figure 5a shows that
the simulation result of specific heat capacity of molten NaCl-CaCl,-1 is 1.06 J/(g-K), and
the error between the simulation and experiment is only 0.8%. Differences between molten
salt specific heat capacity values obtained by different researchers are greater than the
experimental error. The error of specific heat capacity experimental values of NaCl-CaCl,
(48-52 mol %) between the experimental data 1.10 J/(g-K) [5] and 1.00 J/(g-K) [30] is
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10%. It can be seen that there is a certain error in the specific heat capacity measurement,
probably due to the thermal contact of the thermocouple and also the error caused by
the different types of instruments. Figure 5b,c show that the simulated value of ternary
eutectic molten salt NaCl-CaCl,-MgCl, (53.5-15-31.5 mol %) is 1.088 ] /(g-K), and the error
with the experimental average value 1.097 J/(g-K) [31] and 1.19 J/(g-K) [32] is 0.8% and
8.5%, respectively. For NaCl-CaCl,-MgCl, (45.1-26.3—-28.6 mol %), the error between the
simulated value 1.11 J/(g-K) and the experimental value 1.04 J/(g-K) [4] is 6.7%. Moreover,
the error between the simulated value 1.08 J/(g-K) of NaCl-CaCl,-KCl and the experimental
average value 1.00 J/(g-K) [30] and 0.91 J/(g-K) [4] was 8% and 18.6%, respectively. From
the simulation results, SP2 can be used to predict the specific heat capacity data of molten
salts of calcium-containing multicomponent chlorides without experimental conditions
and experimental data, such as KCIl-CaCl,. Overall, the specific heat capacity of chloride
molten salt is relatively low at about 1.0 J/(g-K), and the subsequent work will strengthen
the specific heat capacity of chloride molten salt.

1.8 1.5
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Figure 5. Specific heat capacities of chloride eutectic molten salts of (a) binary NaCl-CaCly, (b) ternary
NaCl-CaCl,-MgCl, and (c) NaCl-CaCl,-KCl vs. temperature [4,5,30-32].

4.3.3. Thermal Conductivity of Multicomponent Chloride Molten Salts

Thermal conductivity is an important index to characterize the heat transfer per-
formance of molten salt materials. By comparing the existing experimental data, it
is verified that SP2 can be used to predict the thermal conductivity of multicompo-
nent chlorides molten salt. Figure 6 is the thermal conductivity simulated results of
binary and ternary molten salts based on SP2 simulation. The simulated proportion of
NaCl-CaCl, (49.03-50.97 mol %) shown in Figure 6a is slightly different from that of the
experiment [5], but all belong to the proportion of eutectic molten salt, and the deviation of
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thermal conductivity simulation is ~16.9%. Figure 6b shows that the simulated results of
NaCl-CaCly-MgCl; (53.5-15-31.5 mol %) are also larger than the experimental values [9],
but the trend with temperature is consistent. It can be seen from the simulated results that
there is a negative correlation between thermal conductivity and temperature, indicating
that the simulated thermal conductivity is reasonable.

1.0 1.0
(b) ® Experiment by Rong 2020
e I O Simulation in this work
0sf "y o08t
a I E
0.6} ° = o 2ol g
° ° b z ° o o = o
£ 1 ® o o
£ [ X °
< [ ]
04 3 04F
O Simulation in this work g
(49.03m01%-50.97mol%) .-:
02 ® Experiment by Tian 2021 E 02}
(52mol%-48mol%) E
0'0 1 1 i 1 A 1 0.0 i 1 1 i 1 " 1 A 1
750 800 850 900 950 3800 900 1000 1100 1200
T (K) T(K)

Figure 6. Thermal conductivity of chloride eutectic molten salts of (a) binary NaCl-CaCl, and
(b) ternary NaCl-CaCl,-MgCl, vs. temperature [5,9].

4.4. Structures of Multi-Chlorine Eutectic Molten Salt

In addition to predicting the heat transfer and heat storage performance of molten salt at
high temperatures, the classical molecular dynamics simulation can also analyze the influence
of temperature on the microstructure of molten salt. SP2 has been verified to be reasonable
and widely applicable. The relationship between radial distribution, coordination number,
and angle distribution of the above four systems and temperature can be analyzed below.
Only the ratios of low eutectic points of four kinds of multi-component chloride molten salts
were explored, which are NaCl-CaCl, (47.03-50.97 mol %), KCIl-CaCl, (71.8-28.2 mol %),
NaCl-CaCly-MgCl, (53.5-15-31.5 mol %), and NaCl-CaCl,-KCl (41.7-52.5-5.8 mol %).

4.4.1. Radial Distribution Function and Coordination Number

Figure 7 shows the radial distribution and coordination number distribution of the four
multi-chlorine eutectic molten salts. It can be seen from Figure 7 that the RDF of each ion
pair in each molten salt has the first peak. With the increase of distance, the peak gradually
decreases and then approaches to 1, indicating that the molten salt of multi-component
chlorides has the characteristics of short-range order and long-range disorder. The first RDF
peak of anion and cation pairs was sharper than that of cation pairs, such as the first peaks
of Na*-Cl~ and Ca?*-Cl~ in NaCl-CaCl,, indicating that the interaction between positive
and negative ion pairs was stronger and the distance distribution between ions was more
uniform. From the RDF of ternary molten salts shown in Figure 7c,d, it can be seen that
the first peak of Mg?*-Cl~ and Ca?*-Cl~ is sharper than that of Na*-Cl~ and K*-Cl~, and
the coordination number curve has an obvious platform. The coordination number curve
platform of Ca?*-Cl~ is 6, and the coordination number of Mg?*-Cl~ is 4, indicating that
Ca?* mainly exists in the multi-chloride molten salt with six coordination structures, and
Mg?* exists in four coordination structures. When the temperature increased from 823 K
to 1023 K, the first peak height drop structure of anion and cation pairs of RDFs became
loose. The first peak of positive ions shifts to the right, and the distance between cation
associations increases with the increase of temperature, which reflects that the density
should be reduced, which is consistent with the trend of density decrease with temperature
shown in Figure 4.
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Figure 7. Radial distribution function (RDF) and coordination number curves of different chloride
eutectic molten salts (a) NaCl-CaCly, (b) KCI-CaCly, (¢) NaCl-CaCl,-MgCl, and (d) NaCl-CaCl,-KCl.

4.4.2. Bond Angle Distribution

As shown in Figure 8, in binary and ternary chloride molten salt systems, the bond
angle distribution of CI-Ca-Cl is mainly 90°, and a small part is 170°, forming a stable
hexacoordinate octahedron structure, which is consistent with the coordination number
in Figure 7. However, the Cl-Ca-Cl bond angle distribution in the NaCl-CaCl,-MgCl,
system is wider than that in other systems, because the Cl1-Mg-Cl bond angle is mainly
109°, forming a stable tetrahedral structure and competing with Ca*. The bond angle
distributions of Cl-Na-Cl and CI-K-Cl in the four systems are mainly 90°, and the octahedral
structure exists in eutectic molten salt.
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Figure 8. Bond angle distribution of different chloride eutectic molten salts (a) NaCl-CaCly,
(b) KCl-CaCly, (c) NaCl-CaCl,-MgCl, and (d) NaCl-CaCl,-KClL.
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5. Conclusions

Due to the lack of potential function of alkali earth metal chlorides, molecular dynam-
ics simulation of molten chloride salts is mainly applied to alkali metal chlorides, but there
are few simulation studies on eutectic calcium-containing molten chlorides. In this paper,
SP2 was determined as the BMH potential parameter of CaCl, by comparing the classical
molecular dynamics simulation results with the experimental values. The structure of
unit CaCl, is consistent with the experimental value. The error of density between the
simulated and the experimental value is within 3%, while the error of the simulated thermal
conductivity is relatively large.

The applicability of SP2 in molten salts of multiple chlorides with different ratios
was verified. The simulated values of density and specific heat capacity of four multi-
component chloride molten salts are in good agreement with the experimental values,
and the simulated values of thermal conductivity are also large. However, there is a
certain error in the measurement of the thermal conductivity of the molten chloride salt
with high working temperature. From the negative correlation between the simulated
thermal conductivity and temperature, the thermal conductivity of the molten chloride salt
containing calcium calculated by SP2 is reasonable. The simulation results of the structure
show that CaCl, mainly exists in a hexacoordinate octahedral structure in multi-component
chloride molten salts.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/en15238878/s1, Table S1: The experiment result of the specifie
heat capacity of molten NaCl-CaCl; (49.03-50.97 mol %) in test temperature range; Table S2: The
experiment result of density of molten NaCl-CaCl, (49.03-50.97 mol %) and NaCl-CaCl,-MgCl,
(53.5-15-31.5 mol %) in test temperature range.
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